ABSTRACT Coxiella burnetii, the causative agent of Q fever, establishes a unique lysosome-derived intracellular niche termed the Coxiella-containing vacuole (CCV). The Dot/Icm-type IVB secretion system is essential for the biogenesis of the CCV and the intracellular replication of Coxiella. Effector proteins, translocated into the host cell through this apparatus, act to modulate host trafficking and signaling processes to facilitate CCV development. Here we investigated the role of CBU0077, a conserved Coxiella effector that had previously been observed to localize to lysosomal membranes. CBU0077 was dispensable for the intracellular replication of Coxiella in HeLa and THP-1 cells and did not appear to participate in CCV biogenesis. Intriguingly, native and epitope-tagged CBU0077 produced by Coxiella displayed specific punctate localization at host cell mitochondria. As such, we designated CBU0077 MceA (mitochondrial Coxiella effector protein A). Analysis of ectopically expressed MceA truncations revealed that the capacity to traffic to mitochondria is encoded within the first 84 amino acids of this protein. MceA is farnesylated by the host cell; however, this does not impact mitochondrial localization. Examination of mitochondria isolated from infected cells revealed that MceA is specifically integrated into the mitochondrial outer membrane and forms a complex of approximately 120 kDa. Engineering Coxiella to express either MceA tagged with 3ϫFLAG or MceA tagged with 2ϫhemagglutinin allowed us to perform immunoprecipitation experiments that showed that MceA forms a homo-oligomeric species at the mitochondrial outer membrane during infection. This research reveals that mitochondria are a bona fide target of Coxiella effectors and MceA is a complex-forming effector at the mitochondrial outer membrane during Coxiella infection.
Here, environmental cues stimulate the metabolism of Coxiella, leading to the initiation of pathogen-directed changes to the CCV (3). The active and replicating Coxiella bacteria remodel the CCV into a highly fusogenic vacuole that expands to occupy the majority of the host cell space (4) . The CCV promiscuously fuses with endosomal vesicles and mature autophagosomes to maintain an autolysosomal stage of maturation that further promotes the homotypic fusion of CCVs (5) .
The recent development of axenic culture conditions for Coxiella has allowed researchers to genetically manipulate this pathogen and conduct investigations into the contribution of individual bacterial genes to Coxiella pathogenesis (6, 7) . As such, in a short space of time, much has been revealed about the pathogenesis of this organism. Initial analysis of transposon mutants led to confirmation that a Dot/Icm-type IVB secretion system is essential for intracellular replication (8, 9) . This secretion system is homologous and functionally analogous to the well-studied Legionella Dot/Icm system that delivers a large cohort of effector proteins into the host cytosol to manipulate host cell processes, enabling intracellular replication of the pathogen (10; reviewed in reference 11). Significantly, unlike Legionella, where the Dot/Icm system begins translocating effectors upon contact with a host cell (12) , the Coxiella Dot/Icm system is not activated until the pathogen is trafficked to the lysosome (13) .
In recent years, over 130 Coxiella Dot/Icm effector proteins have been identified, although the function of the majority of these effectors remains unknown. Importantly, several mutant screens have identified a number of Dot/Icm effectors that are required for efficient intracellular replication and CCV biogenesis (14) (15) (16) (17) . The function of these effectors is an expanding area of significant investigation. Much of the characterization of bacterial effector proteins relies on examination of the effector when it is ectopically expressed in eukaryotic host cells. This approach usually involves the use of an epitope tag to monitor the effector and significantly simplifies the context of effector activity by eliminating both host responses to infection and the presence of other bacterial factors that may influence the effector under investigation. Despite these caveats, ectopic expression has been used to demonstrate that Coxiella effectors direct an array of subcellular localizations within eukaryotic cells (8, 16, 18) .
A small cohort of the investigated Coxiella effectors displays mitochondrial localization when ectopically expressed in human cell lines. Epitope-tagged and ectopically expressed CBUA0020, CBU1825, CBU1425, and AnkJ colocalize with mitochondrial markers (8, 16, 18) . Additionally, the antiapoptotic effectors CaeB (CBU1532) and AnkG (CBU0781) associate with mitochondria (8, 19, 20) . AnkG is believed to sense apoptotic stress at mitochondria, leading to interaction with p32 and subsequent translocation to the nucleus, where it exerts a strong, physiologically relevant, antiapoptotic phenotype (19, 21) . Thus, mitochondria represent an important effector target for the control of host viability. However, mitochondria also participate in a range of other important cellular functions, including energy production, lipid metabolism, calcium homeostasis, and immune signaling. Coxiella effectors targeting the mitochondria could potentially have a significant influence on multiple aspects of the infection environment (reviewed in reference 22).
Here we describe the characterization of the mitochondrial Coxiella effector protein A (MceA; CBU0077), which we previously observed to be localized to lysosomal membranes during ectopic expression in HeLa cells (8) . Our investigation of native and tagged MceA, expressed by Coxiella and translocated into host cells via the Dot/Icm system, demonstrates specific and distinct localization to the mitochondrial outer membrane, where MceA interacts with itself to form a multimeric complex. In addition, the host cell farnesylates MceA, which may contribute to the stability of the mitochondrial localization. Characterization of Coxiella mceA mutants demonstrated that this effector is dispensable for CCV biogenesis and intracellular replication. This work has progressed our understanding of the interactions between Coxiella and human host cells and identified the mitochondrion to be a genuine target of Coxiella effectors during infection. In addition, we have highlighted the importance of characterizing effector localization in the context of infection.
RESULTS
MceA is dispensable for intracellular growth of Coxiella. A nonbiased screen to identify Coxiella proteins that could be translocated by the Legionella pneumophila Dot/Icm type IV secretion system (T4SS) identified 18 novel Coxiella effectors (8) . Of the effectors in this cohort, we were drawn to CBU0077 since this was the only effector conserved in all sequenced Coxiella genomes, suggesting that there is likely an evolutionary advantage for Coxiella to maintain functional CBU0077. We constructed a cbu0077 mutant of C. burnetii RSA439 Nine Mile phase II (NM PhII), replacing cbu0077 with a kanamycin resistance cassette, using a recently described homologous recombination protocol (23) . Two independent mutants were isolated and confirmed using both Southern hybridization and PCR analysis. We examined any requirement for CBU0077 for the intracellular growth of Coxiella by quantifying the replication of both Δcbu0077 clones in HeLa epithelial cells and THP-1 macrophage-like cells. Intracellular growth curves were performed, and the number of Coxiella bacteria present was enumerated via quantitative PCR (qPCR) at days 0, 1, 3, and 5 ( Fig. 1A and B) . Both Δcbu0077 clones showed a level of replication equivalent to that of the parental strain in both infection models, indicating that CBU0077 is not required for the intracellular growth of Coxiella. When HeLa cells were stained with anti-LAMP-1 and anti-Coxiella to examine the morphology of the CCV (Fig. 1C) , the CCVs formed by both Coxiella Δcbu0077 clones were comparable to those formed by the wild type, indicating that CBU0077 is not required for CCV biogenesis.
Translocated CBU0077 localizes to mitochondria. Previously, we observed that transfected 3ϫFLAG-tagged CBU0077 ( 3ϫFLAG CBU0077), expressed from pFLAG-0077, colocalized with the lysosomal marker LAMP-1 (8). Thus, it was not surprising to observe that ectopically expressed 3ϫFLAG CBU0077 specifically colocalized with LAMP-1 on the 25 , and samples were collected at the same time points described above. Graphs represent the fold change in genome equivalents (Ϯ standard deviation) relative to those on day 0 for the Coxiella NM PhII wild type (black squares), Δcbu0077 clone 1 (white circles), and Δcbu0077 clone 2 (white triangles) from at least five independent experiments. (C) At day 3 postinfection, HeLa cells were fixed and stained with anti-LAMP-1 (green) and anti-Coxiella (red). *, CCVs. Bars, 10 m.
CCV membrane of infected cells ( Fig. 2A) . In order to validate this localization, we introduced pJB-CAT:3ϫFLAG-0077 into Coxiella cells and examined the subcellular localization of the 3ϫFLAG CBU0077 that was produced by Coxiella bacteria and translocated into the host cell via the Dot/Icm secretion system (Fig. 2B) . Translocated 3ϫFLAG CBU0077 did not localize with LAMP-1 and instead was observed as puncta associated with mitochondria. This punctate mitochondrial localization represents the true localization of CBU0077 during infection, as shown with C. burnetii NM PhII using specific antiserum raised against recombinant CBU0077 and MitoTracker Red (Thermo Fisher) (Fig. 2C) . Given this consistent observation of the mitochondrial localization of CBU0077, we propose to name CBU0077 MceA, for mitochondrial Coxiella effector protein A. We were able to confirm the specificity of our anti-MceA antibody by comparing infection of HeLa cells by wild-type Coxiella with infection of HeLa cells by our two mceA mutants (Fig. 2D) . Here we consistently observed that HeLa cells infected with wild-type Coxiella demonstrated punctate MceA staining that colocalized with MitoTracker Red, and this signal was absent in the cells infected with the mceA mutants.
The N terminus of MceA mediates mitochondrial localization. Bioinformatic analysis of MceA, using the TMPred server, suggested four possible regions of hydrophobicity that could represent transmembrane domains (Fig. 3A) . We asked if ectopic expression of truncated versions of MceA would also result in mislocalization, as was observed for the full-length protein. We assessed the localization of different MceA truncations in Coxiella-infected HeLa cells (Fig. 3B to E) and were able to demonstrate that, unlike full-length MceA, a truncated version of the protein consisting of amino acids 1 to 144 (MceA ) specifically localized to the mitochondria and was observed as mitochondrial puncta, reminiscent of the localization of the native effector (Fig. 3D) . The region of MceA responsible for mitochondrial localization was further defined to be amino acids 1 to 84 (MceA ), indicating that this N-terminal region, which encodes two predicted transmembrane domains, contains the targeting elements necessary for mitochondrial localization (Fig. 3E) .
Translocated MceA is farnesylated during infection, but this does not alter mitochondrial localization. Analysis of the amino acid sequence of MceA revealed a C-terminal CAAX motif. In eukaryotic cells, this C-terminal signature of a cysteine residue that is followed by two aliphatic residues and that terminates with any amino acid directs the posttranslational lipid modification termed prenylation. Protein prenylation involves addition of either farnesyl (15-carbon) or geranylgeranyl (20-carbon) isoprenoids to the terminal cysteine residue. For many eukaryotic proteins, this process is important for anchoring the protein into cellular membranes. Given that MceA terminates with the amino acids CSIM, we examined whether the host cell modified this motif and if this modification impacted the mitochondrial localization of MceA.
Initial observations of ectopically expressed MceA tagged with 3ϫFLAG ( 3ϫFLAG MceA) consistently showed a doublet during anti-FLAG immunodetection. The lower band was absent in the presence of 10 M the prenylation inhibitor mevastatin (Sigma-Aldrich), indicating that this may represent a prenylated form of 3ϫFLAG MceA (Fig. 4A ). Increased electrophoretic mobility has long been observed for prenylated eukaryotic proteins, including Rab GTPases, and is thought to represent the increased hydrophobicity of the lipidated form of the protein (24) . This was further validated when only the higher band was observed for site-directed mutants of 3ϫFLAG MceA in which the cysteine residue at position 260 was altered to alanine (C260A) or serine (C260S) ( MceA localizes to the mitochondrial outer membrane. Given the observed mitochondrial localization and potential membrane-spanning nature of MceA, we set out to establish if the protein is integrated into mitochondrial membranes and, if so, whether it is localized to the outer or inner membrane. Mitochondria were isolated from HeLa cells persistently infected with Coxiella using magnetic beads labeled with antibodies against the mitochondrial outer membrane protein Tom22, to ensure the specific enrichment of mitochondria. This approach has previously been reported to produce a high yield of pure and intact mitochondria (25, 26) . Immunoblotting for a mitochondrial protein, Bak, demonstrated that this protocol significantly enriched for mitochondria, and probing for the endoplasmic reticulum (ER) protein PDI showed that minimal ER was present in these mitochondrial preparations (see Fig. S1 in the supplemental material). Isolated mitochondria were treated with sodium carbonate for the separation of membrane-integrated proteins from peripherally associated proteins. This alkaline treatment disrupts electrostatic interactions and the hydrogen bonds of peripheral membrane proteins, while integral membrane proteins remain associated with the lipid bilayer (27) (28) (29) . Detection of the peripheral membrane component of complex II, succinate dehydrogenase complex subunit A (SDHA), and the membraneintegrated outer membrane protein Bak served as controls for this experiment. The 3ϫFLAG MceA appearing in the pellet fraction was resistant to carbonate treatment, like the membrane-integrated protein Bak, indicating that it is likely an integral membrane protein (Fig. 5A) .
The punctate nature of the MceA mitochondrial localization observed by fluorescence microscopy ( Fig. 2B to D) suggested that the protein is likely associated with the outer membrane. To confirm this localization, mitochondria isolated from infected cells were either left untreated or treated with external proteinase (proteinase K [PK]). The localization of endogenous MceA was assessed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and immunoblotting with anti-MceA serum. Indeed, MceA was degraded by external protease, like the outer membrane protein Mfn2 (Fig. 5B) . To the contrary, the inner membrane-localized protein cytochrome c remained protected from external protease, confirming that the integrity of the mitochondria was not compromised. Thus, we conclude that MceA is an integral membrane protein of the mitochondrial outer membrane. MceA interacts with itself at the mitochondrial outer membrane. To gauge some insight into potential mitochondrial interactions of MceA, we assessed if the protein forms any high-molecular-mass complexes within the outer membrane. Mitochondria were isolated from cells infected with Coxiella expressing 3ϫFLAG MceA, and the assembly of MceA was monitored by blue native (BN) electrophoresis upon solubilization of the mitochondria in digitonin. MceA was observed in a complex of approximately 120 kDa (Fig. 5C, top) , which was sensitive to external protease, further supporting the outer membrane localization of the protein. In a similar manner, the outer membrane TOM complex displayed sensitivity (Fig. 5C, middle) to protease, as expected, while complex II of the inner membrane remained protected (Fig. 5C,  bottom) . Importantly, we also observed the 120-kDa complex with endogenous, untagged MceA (data not shown).
To confirm that the 120-kDa complex was a bona fide complex of the mitochondrial outer membrane, mitochondria were isolated from HeLa cells infected with Coxiella expressing 3ϫFLAG MceA or the previously described prenylation-deficient 3ϫFLAG MceA C260S protein and were solubilized in digitonin in the presence of SDS (Fig. 6A) . Such treatment can be used to dissociate mitochondrial complexes, such as translocation machineries (30) , and aid in distinguishing between genuine complexes and monomeric protein species. Importantly, 3ϫFLAG MceA C260S was also observed in the 120-kDa complex, and SDS treatment dissociated both the wild-type and mutant MceA complexes (Fig. 6A) . The SDS-mediated dissociation of complex I, monitored with anti-NDUFA9, was used as a positive control here. It should be noted that we observed the MceA complex to be more resistant to SDS treatment than complex I, indicating that MceA likely forms a much more stable complex that is integrated into the mitochondrial outer membrane. These data strongly indicate that the 120-kDa MceA complex is a genuine complex of the mitochondrial outer membrane.
We made numerous attempts to verify potential interacting partners of MceA by immunoprecipitation and mass spectrometry; however, we were unable to obtain any reproducible candidate interacting partners. This raised the possibility that MceA could be associating within a homo-oligomeric species within the 120-kDa complex. To address this, HeLa cells were coinfected with Coxiella expressing either 3ϫFLAG MceA or MceA tagged with 2ϫ hemagglutinin (HA) ( 2ϫHA MceA) from a plasmid. We reasoned that if MceA forms a homo-oligomeric species, we should be able to immunoprecipitate HA-tagged MceA with the FLAG-tagged protein, or vice versa. Indeed, when we performed immunoprecipitations using anti-FLAG resin, we consistently observed the 2ϫHA MceA to coelute with the 3ϫFLAG MceA protein (Fig. 6B) . Thus, our data suggest that MceA is a protein that assembles into a 120-kDa homo-oligomeric complex at the mitochondrial outer membrane.
DISCUSSION
In recent years, research into the function of effector proteins produced by bacterial pathogens has proven an exciting area of discovery in terms of understanding hostpathogen interactions and in providing novel insight and elucidating the biology of eukaryotic host cells. A common approach employed to understand effector function is to observe the localization and functional impact of ectopically expressed effectors in model systems, such as yeast, Saccharomyces cerevisiae, and mammalian tissue 12) were solubilized in digitonin-containing buffer and incubated with anti-FLAG resin. Bound proteins were eluted in 0.2 M glycine following washing. The collected fractions were analyzed by SDS-PAGE and immunoblotting with anti-FLAG, anti-HA, and anti-cytochrome c antibodies. Five percent of each of the total (T), unbound (UB), and wash (W) fractions and 100% of the elution (E) fraction were loaded for SDS-PAGE analysis. *, a nonspecific band that is likely the immunoglobulin light chain. culture cells. This methodology has yielded substantial insight and remains a standard tactic to resolve information about effector functions. There are, however, significant caveats associated with these experiments, in that they do not incorporate the altered host state and the impact of other effectors during infection, particularly given that there is increasing evidence that bacterial effector proteins can influence the function of each other (reviewed in reference 31). Even if transfections are performed in the context of tissue culture infection, the impact of significantly overexpressing one effector, usually with an epitope or fluorescent tag, may lead to findings that are not relevant during natural infections.
Here we provide a profound example of how the ectopic expression of bacterial proteins in eukaryotic cells can be misleading. The Coxiella effector MceA specifically localizes to the outer membrane of mitochondria during infection, but when it is transfected into mammalian cells, MceA is associated with lysosomal membranes. Interestingly, a recent publication demonstrated that green fluorescent protein-tagged MceA shows some mitochondrial localization when it is expressed in HeLa cells (32) . The spatial arrangement of effector proteins may depend on the presence and/or action of other effectors; however, this does not appear to be the case for MceA, given both the inability of ectopically expressed MceA to correctly localize in infected cells and the observation that eukaryotically expressed truncated MceA encoding the N-terminal region localizes to mitochondria. It is more likely that the different folding states of MceA produced within the eukaryotic cell rather than the introduction of MceA into the cell through the Dot/Icm secretion system contribute to altered membrane localizations.
Here we evaluated the contribution of MceA to CCV biogenesis and the intracellular replication of Coxiella by constructing a mutant in which mceA was replaced with a kanamycin resistance gene. We observed no defect in the intracellular replication of Coxiella in the absence of MceA, confirming the findings of a previous study that observed that the disruption of mceA with a transposon does not impact the intracellular replication of Coxiella (14) . These studies do not rule out the possibility that MceA impacts the intracellular fitness of Coxiella in a manner that cannot be measured by our assays, for example, dissemination of the bacteria in a multicellular organism, and/or that MceA contributes to an important function that is redundant among multiple mitochondrial effectors.
We also demonstrated that host cells posttranslationally modify MceA during infection. Using inhibitors of prenylation and site-directed mutants of MceA, we have shown that the cysteine residue of the C-terminal CAAX (CSIM) motif is farnesylated. Protein prenylation increases the hydrophobicity of a protein and can contribute to membrane association, often in conjunction with additional modifications or a polybasic domain (reviewed in reference 33). This is the first report of host cell lipid posttranslational modification of a Coxiella effector; however, host prenylation of bacterial effectors has been observed in the context of other infections. For example, the Salmonella effector SifA is prenylated, aiding the membrane localization of this important effector, and prenylation of several Legionella pneumophila effectors with the C-terminal CAAX motif has been demonstrated (34) . Prenylation enhances the membrane affinity for most of these effectors, facilitating their specific localization during infection (34, 35) . Prenylation of MceA does not modify the mitochondrial outer membrane localization or its capacity to self-assemble, but it may be important to facilitate the function of MceA at this subcellular location.
The use of chemical inhibitors to disrupt the host prenylation machinery negatively impacts the biogenesis of the Legionella-containing vacuole, suggesting that this modification of bacterial and/or host proteins is important for the intracellular success of L. pneumophila (34) . Conversely, as shown by the large CCVs in Fig. 4 , we observed no significant alterations in CCV biogenesis during a 16-h treatment with L-744,832 or GGTI-298, the peptidomimetic inhibitors that target farnesyltransferase and geranylgeranyltransferase I, respectively. However, this observation was not quantified; thus, it remains possible that this posttranslational modification system plays a minor role in maintenance of the mature CCV.
Both epitope-tagged and endogenous MceA are integrated into the mitochondrial outer membrane during Coxiella infection. The outer membrane of mitochondria forms the barrier between the organelle and the rest of the cell, and proteins of varied functions, including translocation components, morphology mediators, and key players in cell death, reside in the outer membrane (22) . This collection of protein functions is accommodated by unique protein topologies in which the proteins are categorized broadly into three distinct classes: (i) peripheral proteins, (ii) membrane proteins with ␤-barrel transmembrane segments, and (iii) membrane proteins with ␣-helical transmembrane domains. MceA is predicted to contain four ␣-helical transmembrane domains (Fig. 4A) , and there is significant variation in the topology of proteins with ␣-helical transmembrane domains as well as their mechanism of integration into the membrane. For example, the ubiquitin ligase MARCH5 and translocator protein (TSPO), which comprise four and five helical transmembrane domains, respectively (36) (37) (38) (39) , require the Tom70 receptor for integration into the outer membrane (40) . To the contrary, another multispanning membrane protein, Ugo1, appears to rely on the lipid composition of the outer membrane for its biogenesis (41) . Further investigation is required to determine if MceA follows one of these established pathways or a completely unique biogenesis pathway. However, we have verified that the first 84 amino acids (incorporating the first two predicted transmembrane domains) of MceA contain all targeting elements necessary for mitochondrial localization. This is not surprising, considering that the C terminus of the protein is predicted to encode a signal for translocation via the Dot/Icm T4SS into the host cell. Thus, positioning of the MceA mitochondrial localization signal at the N terminus may represent adaptation to the multiple membranes that the protein must cross during its biogenesis.
Although the precise function and contribution of MceA to Coxiella pathogenesis remain to be established, the identification of the protein within an oligomeric complex at the outer membrane represents an exciting avenue to explore in future research. Our data suggest that host cell prenylation is not necessary for the formation of the 120-kDa MceA complex, but it is feasible to suggest that the function of MceA is reliant on the protein's oligomeric state. For instance, the mitochondrial outer membrane protein insertase Mim1 contains a single ␣-helical transmembrane segment and does not function as a monomer (13 kDa) but, rather, functions within a 200-kDa oligomeric complex (42) (43) (44) . The transmembrane segment of Mim1 is critical for oligomerization and the function of the protein and occurs via two helix dimerization GXXX(G/A) motifs (45) . The GXXXG motif (in which two glycine residues are separated by any three residues) and GXXXG-like motifs (in which one or both glycine residues are replaced by other small residues, such as alanine) are often found to be important for mediating the interaction of transmembrane helices (46) . Proteins with these sequences have been proposed to have a strong potential for oligomerization, likely promoted by additional specificity elements (47) . Indeed, closer examination of MceA transmembrane sequences reveals two GXXXA motifs encompassing residues 69 to 73 (predicted transmembrane 2 [TM 2]) and 195 to 199 (predicted TM 4) and representing exciting candidates for future mutagenesis work.
This research has demonstrated that the Coxiella effector protein MceA is capable of assembly at the outer membrane of mitochondria, highlighting that mitochondria are a bona fide target during Coxiella infection. The unique trafficking of this protein may serve as a tool to study protein trafficking in mammalian mitochondria, which could reveal unique biogenesis pathways. Further functional investigation of mitochondria during Coxiella infection may reveal the collective impact of targeting multiple effector proteins to this important organelle and how this contributes to bacterial survival within the host cell.
MATERIALS AND METHODS
Bacterial strains and host cell lines. Plaque-purified C. burnetii Nine Mile phase II (NMII) strain RSA439 clone 4 was axenically grown in liquid ACCM-2 or in ACCM-2 agarose at 37°C in 5% CO 2 and 2.5% O 2 as previously described (48) . When required, kanamycin and chloramphenicol were added to ACCM-2 at 350 g/ml and 3 g/ml, respectively. Escherichia coli DH5␣, used for plasmid propagation and construction, was cultivated on Luria-Bertani (LB) agar plates or broth with the addition of chloramphenicol (25 g/ml), ampicillin (100 g/ml), or kanamycin (100 g/ml) as appropriate.
HeLa CCL2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 to 10% heat-inactivated fetal calf serum (FCS) at 37°C in 5% CO 2 . THP-1 cells were maintained in RPMI 1640 supplemented with 10% heat-inactivated FCS at 37°C in 5% CO 2 .
Plasmid construction. The oligonucleotides used in this study are listed in Table 1 . We previously constructed pFLAG-0077 to express full-length MceA with an N-terminal 3ϫFLAG tag (8) . Truncations of cbu0077 were cloned into the BamHI/XhoI sites of pcDNA4/TO (Invitrogen) with an N-terminal 3ϫFLAG tag (pFLAG). In order to express tagged versions of MceA in Coxiella, cbu0077 was cloned into the SalI site of both pJB-CAT:3ϫFLAG and pJB-CAT:2ϫHA. Prenylation-deficient versions of MceA were engineered by using alternative C-terminal oligonucleotides (Table 1) to modify the cysteine at position 260 to serine or alanine.
Genetic manipulation of Coxiella. Plasmid DNA was introduced into Coxiella as previously described (8) . However, bacteria were clonally isolated via serial dilution in ACCM-2 agarose plates containing appropriate antibiotics at 24 h postelectroporation. Individual colonies were selected and expanded in ACCM-2, and Western blotting was used to confirm the expression of FLAG-tagged or HA-tagged proteins.
The cbu0077 deletion strain was created through homologous recombination in accordance with a previously described method (23) . The PCR products of the 2 kb upstream and downstream of cbu0077 were amplified from genomic DNA and joined together using PfuUltra II Fusion Hotstart DNA polymerase (Agilent Technology). The 4-kb product was ligated into the XbaI and SalI sites of pJC-CAT (49) . The resulting construct, pJC-CAT-0077, was then PCR amplified, using oligonucleotides pJC-0077 F and pJC-0077 R, digested with NotI, and ligated with the kanamycin resistance gene amplified from pJB-Kan. The resulting plasmid was introduced into Coxiella to create the cbu0077 deletion strain. The replacement of cbu0077 with a kanamycin resistance gene was confirmed by PCR and Southern hybridization using probes to both cbu0077 and the kanamycin resistance cassette. Coxiella infection and intracellular growth curves. Curves of the intracellular growth of Coxiella in both HeLa and THP-1 cells were performed. For HeLa cell experiments, cells were plated at a density of 5 ϫ 10 4 cells/well in 24-well tissue culture trays on the day before infection, with or without 10-mm glass coverslips, in DMEM with 10% FCS. THP-1 cells were seeded into 24-well tissue culture trays at a density of 5 ϫ 10 5 cells/well and treated with 10 nM phorbol 12-myristate 13-acetate for 72 h before infection. This treatment induced differentiation into macrophage-like adherent cells. Axenically grown Coxiella strains were quantified using a Quant-iT PicoGreen double-stranded DNA assay kit (Thermo Fisher Scientific) (50) to provide a multiplicity of infection (MOI) of 100 for HeLa cell infections and an MOI of 25 for THP-1 cell infections. Following addition of the bacteria, the cells were incubated at 37°C with 5% CO 2 for 4 h and then washed once with phosphate-buffered saline (PBS) and incubated with fresh DMEM with 5% FCS or RPMI 1640 with 10% FCS. At defined time points, cells were either fixed with 4% paraformaldehyde for microscopy analysis or lysed with H 2 O and collected for Coxiella quantification. The bacteria and cell debris were pelleted from lysed samples and resuspended in 50 or 100 l of H 2 O. The number of Coxiella genomes was calculated by comparison to the number on a known standard curve obtained using ompA-specific primers for qPCR (51, 52) .
Transfection and immunofluorescence microscopy. HeLa cells, either uninfected or persistently infected with Coxiella, were seeded at a density of 10 5 cells/well onto glass coverslips in 24-well tissue culture trays. Approximately 24 h later, the cells were transfected with plasmids expressing MceA and/or pYFP-LAMP-1 using the Lipofectamine 3000 reagent per the manufacturer's instructions (Thermo Fisher Scientific). At the desired time points, cells were fixed with PBS containing 4% (wt/vol) paraformaldehyde for 15 min. For staining of mitochondria, the cells were incubated with 500 nM MitoTracker Red CMXRos (Thermo Fisher Scientific) for 30 min at 37°C with 5% CO 2 prior to fixation. Samples were blocked and permeabilized in blocking buffer (PBS containing 2% [wt/vol] bovine serum albumin and 0.05% [wt/vol] saponin) before being stained with the following primary antibodies at the indicated concentrations in blocking buffer: mouse monoclonal anti-FLAG (1:250; Sigma), rabbit polyclonal anti-MceA (1:50; raised in-house against recombinant protein by Cocalico Biologicals, Inc., and previously used to demonstrate Dot/Icm translocation of MceA [8] ), mouse monoclonal anti-LAMP-1 (1:200; Developmental Studies Hybridoma Bank), and rabbit polyclonal anti-Coxiella (1:5,000). Secondary antibodies conjugated to Alexa Fluor 488 and 568 (Invitrogen) were used at 1:2,000 in blocking buffer. During the final PBS washes, bacterial and host cell DNAs were stained with 4=,6=-diamidino-2-phenylindole (DAPI) diluted 1:10,000. Glass coverslips were mounted onto glass slides with Prolong Gold antifade reagent (Thermo Fisher Scientific). Images were acquired with a Zeiss LSM700 confocal laser scanning microscope and processed using ImageJ software.
Mitochondrial isolation and mitochondrial treatments. Mitochondria from HeLa cells persistently infected with Coxiella were enriched using a MACS mitochondrial isolation kit according to the manufacturer's instructions (Miltenyi Biotec). Briefly, HeLa cells infected with Coxiella were harvested and isolated by centrifugation (800 ϫ g, 10 min, 4°C) before washing in ice-cold PBS. Approximately 10 7 HeLa cells were resuspended in cell lysis buffer (as per the instructions accompanying the Miltenyi Biotec kit) and lysed using a Dounce homogenizer. The lysate was clarified by centrifugation (800 ϫ g, 5 min, 4°C) and then incubated for 1 h with anti-Tom22 microbeads before being separated in an LS column (Miltenyi Biotec). Mitochondria were flushed out in separation buffer, collected by centrifugation (13,000 ϫ g, 3 min, 4°C), washed in buffer A (20 mM HEPES-KOH, pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA), and reisolated. Samples to be treated with proteinase K (PK) were incubated with the protease (50 g/ml) for 10 min on ice, followed by incubation with 0.5 mM phenylmethylsulfonyl fluoride for 5 min on ice. For carbonate extraction of mitochondrial proteins, mitochondrial pellets (100 g of mitochondrial protein) were resuspended in fresh Na 2 CO 3 (0.1 M, pH 11) at 0.5 mg/ml and incubated on ice for 30 min. Samples were subsequently centrifuged at 100,000 ϫ g for 30 min, which separated the pellet (integral membrane proteins) and supernatant (peripheral and soluble proteins) fractions. Both fractions were precipitated with trichloroacetic acid and analyzed by SDS-PAGE and immunoblotting.
PAGE and immunoblotting. Tricine SDS-PAGE was performed as previously described (53) . Blue native (BN) polyacrylamide gel electrophoresis (BN-PAGE) was performed as previously described (54) . Briefly, mitochondrial pellets (typically, 50 to 100 g of protein) were solubilized in ice-cold digitonincontaining buffer (1% [wt/vol] digitonin, 20 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 50 mM NaCl, 10% [wt/vol] glycerol) at 1 mg/ml and incubated on ice for 15 to 20 min. Those samples requiring SDS treatment were incubated in a similar manner, but in the presence of SDS (0.1%, 0.3%, 0.5%, or 1%). Samples were clarified by centrifugation and subsequently added to 1/10 the volume of sample buffer (5% [wt/vol] Coomassie brilliant blue G-250, 100 mM bis-Tris, pH 7.0, 500 mM -amino-n-caproic acid). Samples were separated on a 4 to 16% polyacrylamide gradient. Thyroglobulin (669 kDa), ferritin (440 kDa), and bovine serum albumin (132 and 66 kDa) were used as molecular mass markers. Detection of various human and Coxiella proteins was achieved by immunoblotting with the following antibodies at the indicated concentrations: anti-FLAG (1:2,000; Sigma-Aldrich), anti-Bak (1:1,000; generated and kindly provided by Michael Ryan, Monash University), anti-SDHA (1:1,000; Abcam), anti-Mfn2 (1:200; Michael Ryan laboratory), anti-NDUFA9 (1:500; Michael Ryan Laboratory), anti-Tom22 (1:1,000; Michael Ryan laboratory), anti-cytochrome c (1:300; BD Biosciences), anti-PDI (1:1,000; Enzo Life Sciences), anti-HA (1:500; BioLegend), and anti-MceA (1:300 for BN-PAGE and 1:600 for SDS-PAGE [8] ).
Immunoprecipitation. Mitochondria isolated from HeLa cells infected with C. burnetii expressing (i) 3ϫFLAG CBU0077, (ii) 2ϫHA-tagged CBU0077 ( 2ϫHA CBU0077), or (iii) 3ϫFLAG CBU0077 and 2ϫHA CBU0077 were solubilized in digitonin-containing buffer (1% [wt/vol] digitonin, 20 mM Tris, pH 7.0, 0.1 mM EDTA, 50 mM NaCl, 10% [wt/vol] glycerol) supplemented with 1ϫ cOmplete protease inhibitor (Roche) at 1 mg/ml end over end on a rotary wheel for 1.5 h at 4°C. Mitochondrial lysates were cleared by centrifugation at 16,000 ϫ g at 4°C for 30 min and diluted in buffer (20 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 50 mM NaCl, 10% [wt/vol] glycerol) to a final detergent concentration of 0.1%. Cleared lysates were applied to preequilibrated anti-FLAG agarose (Sigma-Aldrich) and incubated at 4°C for 1 h end over end on a rotary wheel. Unbound material was collected, and the anti-FLAG resin and bound proteins were washed 3 times in a buffer containing a lower concentration of digitonin (0.1% [wt/vol] digitonin, 20 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 50 mM NaCl, 10% [wt/vol] glycerol, 1ϫ cOmplete protease inhibitor). Bound proteins were eluted with 0.2 M glycine, pH 2.5. Fractions eluted with glycine were separated by SDS-PAGE, and proteins were visualized by immunoblotting.
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